The diversity of light-matter interactions accessible to a system is limited by the small size of an atom relative to the wavelength of the light it emits, as well as by the small value of the fine-structure constant. We developed a general theory of light-matter interactions with two-dimensional systems supporting plasmons. These plasmons effectively make the fine-structure constant larger and bridge the size gap between atom and light. This theory reveals that conventionally forbidden light-matter interactions-such as extremely high-order multipolar transitions, two-plasmon spontaneous emission, and singlet-triplet phosphorescence processes-can occur on very short time scales comparable to those of conventionally fast transitions. Our findings may lead to new platforms for spectroscopy, sensing, and broadband light generation, a potential testing ground for quantum electrodynamics (QED) in the ultrastrong coupling regime, and the ability to take advantage of the full electronic spectrum of an emitter.
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A fundamental process in the field of lightmatter interaction is spontaneous emission, in which an excited electron in an atom lowers its energy by emitting light (1) (2) (3) . Spontaneous emission is responsible for the characteristic emission spectrum of an emitter. In principle, an excited electron can fall into any unoccupied lower energy level via this process. In practice, the majority of radiative decay channels are too slow to be accessible, rendering most of the spectrum invisible and inaccessible. The wealth of forbidden light-matter interaction processes can be appreciated by considering three very general classes of forbidden transitions: multipolar processes, spin-flip processes, and multiquanta emission processes. Multipolar transitions are those in which the orbital angular momentum (OAM) quantum number of the electron changes by more than one unit. The transitions are slow because the wavelength of emitted light (around 10 3 to 10 5 Å) is typically far larger than the size of the atomic or molecular orbitals participating in the transition (around 1 to 10 Å). As a result of this difference in length scales, the rates of electronic transitions as a function of angular momentum vary over many orders of magnitude: The difference in rates between changing OAM by 1 and changing OAM by 5 can be more than 20 orders of magnitude, making high OAM transitions invisible in the absorption and emission spectrum of an emitter. The ability to access these transitions would allow a multiplex and broadband spectroscopy platform, in which much more of the electronic energy level structure of an emitter can be probed using light.
A spin-flip process is one in which the spin of the electron flips as a result of the emission. Common spin-flip processes include those in which a single electron flips its spin and those in which a pair interconverts between a singlet and triplet state. Because these processes are very slow, spinflip processes typically occur through phosphorescence, which is fast only when the electrons experience large spin-orbit coupling (4, 5) . In systems where spin-orbit coupling is weak, such as in atoms or hydrocarbon molecules, the radiative quantum yield of phosphorescence is low because the singlet-triplet transition is much slower than nonradiative recombination processes. This is undesirable for applications such as organicbased light-emitting diodes where high radiative quantum efficiency is desired.
Multiquanta emission processes are those in which an electron lowers its energy by emitting two or more quanta of light. This is a higher-order process in QED. Although it is not forbidden by dipole selection rules, it is typically so slow that we group it with the other two processes above. Because of the small size of the atom relative to the light it emits, and the small value of the finestructure constant, emission of even two quanta tends to be slower than the emission of a single quantum of light by 8 to 10 orders of magnitude. This makes two-quanta spontaneous emission processes notoriously difficult to observe. Twophoton spontaneous emission was predicted in the early 1930s (6) but was not directly observed until 1996, in hydrogen (7) . Going beyond atomic physics, two-quanta spontaneous emission processes are also of interest in semiconductors, where they were first observed in 2008 (8, 9). Enabling two-quanta spontaneous emission processes at a fast rate would enable generation of entangled light, which is of great interest for implementing quantum protocols (10) . It would also enable new broadband absorbers and novel broadband light sources using atomic and molecular emitters.
Despite the motivation to access all of these transitions, it is in practice very difficult. Conservation of energy and angular momentum dictates that in order to access the full spectrum of an emitter, it must couple to light, which, over a broad range of frequencies in the infrared-visible range, has wavelengths on the order of 1 to 5 nm (once inside an optical material). The wavelength of light and its frequency are related by the phase velocity. Thus, to access forbidden transitions, phase velocities of light on the order of 0.001c are required. Recent theoretical and experimental work has shown that systems such as graphene, silver monolayers, and beryllium surfaces can support precisely such strongly confined light in the form of plasmons. These two-dimensional (2D) systems have the unique ability to squeeze the wavelength of light by more than two orders of magnitude, which allows us to recast the main assumptions for lightmatter interactions.
We report that through the use of 2D plasmons (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) , which shrink the wavelength of light by more than two orders of magnitude, we can overcome all of the mentioned conventional limitations of light-matter interactions. In particular, we show by means of a general theory of atomplasmon interactions that the rates of high-order multipolar transitions, two-plasmon spontaneous emission, and spin-flip transition rates become enhanced to the point that they are comparable to dipole transition rates and thus become straightforwardly accessible. For achievable plasmon confinements in graphene and other 2D plasmonsupporting materials, all of the previously forbidden transitions listed above can now have lifetimes within the range of 1 ms to 1 ns; these previously forbidden transitions can be made to be quite efficient, even when competing with conventionally allowed transitions. We analyze the effect of nonradiative quenching extensively and find that in many cases of interest, the radiation into plasmons is dominant and thus could be harvested as farfield light through suitable outcoupling techniques.
2D plasmons and light-matter interaction: Model and assumptions
Plasmons are understood in the framework of classical electrodynamics as the coherent propagation of surface charge associated with tightly confined electromagnetic fields. The dispersion relation of any plasmon can be most simply expressed as
where q is the plasmon wave vector, v p is the phase velocity, and h is the confinement factor, which is equal to both c/v p and l 0 /l pl . The fact peculiar to 2D plasmons is that their wavelength l pl , which is determined by the dispersion relation, can be shorter than the wavelength of a free-space photon l 0 at the same frequency by a factor of 100 to 400. One 2D plasmonic platform of recent interest is graphene, in which the confinement factor has been predicted to be as high as 300 (15); values in excess of 200 have been indirectly observed below the intraband regime (23) , values of 150 have been directly observed with low losses (21) , and values of 240 have been observed in the interband regime (13) . Yet other 2D plasmonic platforms exist; what is less well known is that even more highly confined plasmons can exist in other 2D electron systems such as metallic monolayers. In other 2D plasmons such as monolayer silver, confinement factors as high as 300 have been observed, corresponding to plasmon wavelengths of~5 nm at photon wavelengths of 1.5 mm (11). On the surface of beryllium, acoustic plasmons have been observed at visible frequencies (~560 nm) with plasmon wavelengths of merely 1.5 nm (12), corresponding to confinement factors near 370. In our study, we look at the emission of 2D plasmons by hydrogen-like and helium-like atomic emitters in the vicinity of a 2D plasmonic system given by the minimally coupled Hamiltonian
where e is the electronic charge, m e is the electron mass, ħ is the Planck constant divided by 2p, A and B are the vector potential and magnetic field, r i denotes the position of the ith electron, s i denotes the spin of the ith electron, H SO is the spin-orbit coupling, and H e-e is the electron-electron interaction. The f † j ðr; wÞ and f j ðr; wÞ are operators that respectively create and annihilate elementary excitations of the electromagnetic field in dissipative media. These excitations can be thought of as oscillating dipoles at position r and frequency w, oriented along direction j. The features of the plasmon and emitter relevant to our calculations are shown schematically in Fig. 1 . This Hamiltonian, with field operators that appropriately describe the (potentially very high) losses in these confined plasmons, is sufficient to capture the fundamentally quantum nature of plasmons, which has been confirmed by experiments (25) . This Hamiltonian describes both radiative decay and nonradiative decay mediated by interactions between the electromagnetic field and the orbital and spin degrees of freedom of the electron in an atom. It therefore describes intercombination transitions, multiplasmon emission, and other higher-order processes in the perturbation theory. In particular, this formalism makes predictions that (among others) give the correct Purcell factors for one-photon spontaneous emission of dipole emitters (26, 27) , describe experimentally observed loss-induced quenching phenomena (20, 28) , and describe experimentally observed two-plasmon phenomena as in (9) .
We examined all of these interaction processes in order to provide a broad picture of atom-light interactions in plasmonics (29) . We selected hydrogen-and helium-like emitters for definiteness, but the basic physics behind our results can readily be extended to any other atomic and molecular system. Although we explicitly consider only spontaneous emission, our results hold equally well for the absorption of excited 2D plasmons. Our approach can be applied to plasmons in 2D conductors with any general dispersion relation (for which the Drude model is a representative example that we consider). Our model can be generalized to consider nonlocal effects (30) by modifying the Green function formalism, which is done by replacing the local conductivity s(w) by the nonlocal conductivity s(q, w) everywhere. For the most part, our claims can be chosen to apply within the local-response regime of graphene, for easily achievable values of the Fermi energy E F of graphene. We explicitly consider the nonlocal response of graphene [via the zero-temperature random phase approximation (RPA) (15, 27) ] when we discuss twoplasmon spontaneous emission.
Multipolar transitions
The first class of forbidden transitions that we analyze consists of multipolar transitions in which the OAM of the electron changes by more than 1. It is well known that in conventional photonics and even plasmonics, electric dipole transitions are the fastest type of transitions and are thus appropriately the main object of study in the field of light-matter interactions. Electric quadrupole and magnetic dipole transitions, which are the second fastest types of transitions, are fairly slow but can be observed through conventional spectroscopic approaches (31) or in mesoscopic emitters such as quantum dots. Substantial theoretical and experimental efforts have gone toward speeding up these two processes (32) (33) (34) (35) (36) (37) (38) (39) . On the other hand, electric octupole, magnetic quadrupole, and higher-order multipolar transitions are far too slow to observe for small emitters such as atoms and molecules. Because of this, appreciable theoretical and experimental efforts have not been directed at speeding up such processes. Nevertheless, the spectrum of an atom associated with high-lying energy levels consists of precisely these types of transitions. Because of the high confinements achievable in 2D plasmons, transitions whose lifetimes in free space approach the age of the universe can be brought down to lifetimes of hundreds of nanoseconds, corresponding to a rate enhancement (defined as the Purcell factor) of nearly 10 24 , as we demonstrate below. Such lifetimes are of the same order of magnitude as dipole transitions in free space and therefore should be straightforwardly accessible through absorption spectroscopy.
We calculate the rates of transitions where the electron OAM changes by n (an En transition) (29) . The decay rate G n into plasmons scales with h 0 as
where k = 2p/l 0 , and h 0 is the confinement factor at the transition frequency. Equation 3 makes it very clear that higher electric multipole transitions are enhanced by successively larger amounts. For achievable confinement factors of 100, when n increases by 1, the enhancement increases by a factor of roughly 10,000. Therefore, one should expect that if the dipole transitions (n = 1) are enhanced by 10 6 , then E2, E3, E4, and E5 transitions should be enhanced by factors of 10 sciencemag.org SCIENCE Fig. 1 . Two-dimensional plasmons coupled to an emitter. A schematic of an emitter (not necessarily dipolar) above a 2D material of conductivity s(w) supporting plasmons with wavelength l pl , which is far shorter than the photon wavelength l 0 (by a factor of h 0 ) and approaches the atomic size a 0 .
change in the confinement factor by a factor of 2 can change the decay rates by more than three orders of magnitude.
The expression above can be intuitively reasoned as follows: The factor h 3 0 expð−2h 0 kz 0 Þ is proportional to the local photonic density of states (LDOS), reflecting the well-known fact that plasmon confinement can lead to very fast dipole transitions (26, 27, 40) . The additional factors of h 0 that depend on the multipolar order of the transition are field-gradient enhancement factors. In particular, if we expand the plasmonic plane wave as
we see that each term, which corresponds to some number of gradients of the electromagnetic field, can be mapped to particular multipolar transitions for wavelengths not too close to the atomic radius. Because q = h 0 (w/c), it is clear that each multipolar order is enhanced (relative to the dipole order) by some even power of h 0 and that this h 0 is proportional to the gradient of the electromagnetic field. Such an intuition is confirmed in Fig. 2 , where we plot the exact transition rates, with and without plasmonic losses, for the series of transitions 6{p, d, f, g, h} → 4s in the hydrogen atom. The free-space wavelength of the transition is 2.6 mm. In our simulations, the emitter is kept 5 nm away from the surface. We do not include the 6s → 4s rate because, for the parameters under consideration, it is extremely small when the atom is well separated from the surface because of the approximate transversality of the electromagnetic field (∇ · E = 0) (41) . The dominant decay mechanism for this process will be two-plasmon emission, which we compute below. In Fig. 2A , we plot the radiative rates (i.e., plasmon emission rates, denoted G R ) of transitions in the hydrogen 6 → 4 series relative to the radiative rate of the dipole transition (at the same energy) as a function of confinement. This relative rate is independent of atom-surface separation, as can be seen from Eq. 3. To give a particular example, conventionally the E5 transition is separated from the E1 transition by~22 orders of magnitude. The free-space rate of the E5 transition is around 10 -16 s -1 , corresponding to a lifetime that is two orders of magnitude less than the age of the universe. In contrast, for high confinement (h 0 ≈ 200), the rate is~10 7 s -1
, which is more than an order of magnitude faster than the free-space E1 transition. Moreover, at this confinement, the entire multipolar series is separated by only three orders of magnitude (in rates), as opposed to 22 orders of magnitude in free space. A confinement of 200 is easily achievable in graphene in its local-response regime. For example, by tuning E F to 0.4 eV, this 0.47-eV transition has a confinement of 200 when placed above a substrate with a relative permittivity of 4. Thus, it is possible to allow highly forbidden transitions in the local regime of graphene.
In addition to plotting confinement factors up to 200, we also plot confinement factors that are higher than have been observed in graphene below the interband regime. This is because such high confinement factors have been observed in plasmons in monolayer silver, DySi 2 , graphene with high losses, and acoustic plasmons in beryllium (11) (12) (13) (14) . We plot up to very high confinement factors of 500, corresponding to plasmon wavelengths of 5 nm. At these low wavelengths, which have been observed in the aforementioned systems, four of the five transitions in the series lie within the same order of magnitude, corresponding to a complete breakdown of the conventional selection rules. Another reason to plot for high confinement factors (even for graphene) is that it has recently been suggested via a modified RPA scheme that confinements above 300 may be possible with relatively low losses (42) . Technically, in these highly confined plasmons with linear dispersion, the quality factors Q have been observed to be quite low (of order unity). Figure  2B assumes a fixed Q of 5 throughout different confinement factors. If Q = 1, rates are, of course, quantitatively modified but remain within the same order of magnitude as in Fig. 2B , preserving our conclusion that these highly confined plasmons can break the selection rules completely. Moreover, it tells us that even despite very high losses of these plasmons, they can still completely reshape the dynamics of excited electrons in emitters. Therefore, these highly lossy plasmons have clear experimental consequences, even if they cannot be coupled out into free space. We discuss these consequences below.
In addition to radiation into plasmons, an excited emitter can be nonradiatively quenched by a conductor. Nonradiative quenching channels can include, but are not limited to, phonons, particle-hole excitations, and impurities. These are incorporated in our macroscopic QED calculations through the real part of the surface conductivity. Strictly speaking, because macroscopic QED sees only the total conductivity, it considers only the total quenching (by which we mean total nonradiative decay). Therefore, we cannot isolate the quenching sources, but we may still compare the total quenching to the total plasmon emission. In Fig. 2B , we plot the total rates of the transitions considered in Fig. 2A [i. e., radiative + nonradiative (solid lines) in addition to the radiative decay rates (dashed lines)]. For low confinement, the nonradiative decay is completely dominant. This reflects the well-known fact that nonradiative energy transfer strongly depends on the ratio 1/(h 0 kz 0 ) (29) . A similar result of quenching was pointed out in (43) . What is more valuable for optical applications is the situation at high confinement. The threshold value of confinement in order to be considered "high confinement" depends on the multipolar order in question. In the high-confinement regime, the radiation into plasmons is dominant and can be harvested as far-field light through suitable outcoupling techniques such as gratings and nanoantennas (39, (44) (45) (46) (47) .
Spin-flip transitions and the singlet-to-triplet transition
We next analyze those transitions for which the initial state does not directly connect to the final state by the emission of light, but rather couples to a virtual state whose symmetry is compatible with that of the final state. Take as an example a radiative transition between a spin-singlet state S and a spin-triplet state T. The dominant process for systems with large spin-orbit coupling is a second-order process in which an initial triplet state connects to a virtual singlet state S n through the spin-orbit coupling, and then the virtual state connects to the final singlet state and emits light. The decay rate is then given by the second-order perturbation theory expression
where w 0 is the transition frequency and q is the wave vector of an emitted plasmon. Use of the Fermi Golden Rule to calculate the decay rate generally involves summation over all possible intermediate states. However, in many cases, there is an intermediate singlet state that is nearly degenerate with the triplet state, which then gives the dominant contribution to the transition, allowing us to ignore the existence of other singlet states. The advantage of this approximation is that the spin-orbit and electromagnetic enhancements decouple. Our approach allows the calculation of the enhancement factor without knowing anything about the spin-orbit coupling, or even about the structure of the atom or molecule, and thus our results can be applied to many atomic and molecular systems. The Purcell factor, defined as the emission rate into plasmons divided by the emission rate into free-space photons, in the absence of plasmon losses, is proportional to
where h 0 is the confinement factor at the transition frequency w 0 , and z 0 is the separation between the atomic nucleus and the surface. For the same reason as discussed previously, the mechanism of this enhancement is purely LDOSbased. This simple formula is only weakly modified by plasmonic losses (for reasons discussed above), which were taken into account in our numerical calculations (29) . These high enhancement factors are in agreement with the h 3 0 decay law of pure electric dipole transitions (26, 27) .
In Fig. 3 , we illustrate the Purcell factors achievable for an emitter on top of graphene and monolayer silver as a function of plasmon confinement. We consider these transitions in a helium-like atom, where the singlet and triplet states (split by electron repulsion) are understood as coming from pairs of one-electron states (29) . We show the Purcell factors at distances of 0.5, 2, and 5 nm away for two different plasmon quality factors (Q = 10 and Q = 100). Figure 3 demonstrates how 2D plasmons can enhance singlet-to-triplet transition by up to seven orders of magnitude for realistic and experimentally readily available parameters. This enhancement is separate from the fact that additional enhancements can come from increasing spin-orbit coupling (5). This allows one to combine approaches involving high spin-orbit coupling and approaches involving plasmonics, thereby allowing attainment of the highest possible enhancements. Perhaps of more interest, it allows one to reconsider the use of emitters with weak spin-orbit coupling. For example, by enhancing the triplet decay by four to six orders of magnitude, one can take a triplet state of a hydrocarbon with a typical phosphorescence time of 0.1 to 0.001 s and make it competitive with, or even faster than, phosphorescence of organometallic triplet states with high spin-orbit coupling.
Another method of enhancing spin-flip and singlet-triplet transitions involves a direct emission into a plasmon through the S · B term of the interaction Hamiltonian. Such a direct spin-flip (or singlet-triplet) transition involves an Mn transition, for which the decay rate into plasmons is slower than its electric counterpart by the ratio ℏ w 0 /m e c 2 ≈ 10 -5 to 10 -6 and is thus much slower than the intercombination mechanism for spin-orbit couplings of interest. We demonstrate this claim by deriving rates for Mn transitions (29) .
Two-plasmon spontaneous emission
The emission of two excitations of a field (photons or plasmons) is a second-order effect in perturbation theory. If the dimensionless coupling constant g of atomic QED is small, then the twoquanta emission will be very slow relative to the emission of a single field excitation. A good estimate for the coupling constant is given by g 2 = G/w 0 . When the value of g 2 approaches 1, we expect the Fermi Golden Rule (and more generally, perturbation theory) to fail, because the width of the resulting atomic resonance is comparable to the frequency scale of variation of the continuum matrix elements (48). Taking this as our dimensionless coupling constant, we see that it scales as (in the lossless limit) for any two-plasmon S → S transition in a hydrogenic atom:
where y = w/w 0 , h 0 is the confinement factor at the spectral peak of the emission, and F p is the Purcell factor for one-plasmon spontaneous emission for a dipole polarized perpendicular to the surface of the 2D conductor. This peak occurs for w = ½w 0 or, equivalently, y = ½. dG/dw(w′) corresponds to the rate of emission of two plasmons per unit frequency, in which one plasmon is at frequency w′ and the other is at frequency w 0 -w′. A quick estimate using Eq. 8 reveals that at confinement factors of 200, the left side of Eq. 8, defined as the spectral enhancement, tends to 10 15 as z 0 → 0. The ½F p (y)F p (1 -y) term of Eq. 8 reveals the mechanism of twoplasmon spontaneous emission enhancement: LDOS enhancement over a sufficiently broad frequency spectrum such that enhancement at complementary frequencies, w and w 0 -w, is very high. For Fig. 4 , A to D, we consider twoplasmon spontaneous emission without considering losses. We discuss the effect of plasmon losses below.
In Fig. 4A , we plot the distribution of emitted plasmons as a function of normalized frequency, y. The spectral distribution narrows for increasing atom-surface separation z 0 (Fig. 4B) . This arises from the y dependence of the exponential in Eq. 8. Therefore, through a precise control of the position of an emitter above a surface supporting plasmons, it is possible to tune not only the rate of emission, but also the spectrum of emission.
In Fig. 4C , we plot an estimate of the total decay rate for the transition 4s → 3s, which is computed by summing over 10 virtual discrete states (29) . The rate converges sufficiently for 10 virtual states. Even for modest confinements of around 100, and at separations of 5 nm, the twoplasmon spontaneous emission rate approaches 0.1 ns . We compare the rate of this transition with that of the 4s → 3p singleplasmon dipole transition in Fig. 4D ; in the region of extreme confinement (200 to 500), the twoplasmon emission is only one to two orders of magnitude slower. At these extreme confinements-such that the two-plasmon emission is slower than the one-plasmon emission by two orders of magnitudethe dimensionless coupling constant g is on the order of 0.1, signaling the onset of the ultrastrong coupling regime.
We find that for plasmons described by the Drude model, the ratio of the rates has a very weak distance dependence. This arises from the fact that at greater atom-surface separations, the spectrum of emitted plasmons gets narrower. Therefore, most of the emitted plasmons have frequencies near y = ½. When this happens, the distance dependence of the two-plasmon decay rate approaches exp(-2h 0 kz 0 ), which is the same distance dependence as that of the one-plasmon decay rate. This is a feature of the w ∼ ffiffi ffi q p dispersion of plasmons, which is well described by the Drude model. For plasmons with linear dispersion (such as acoustic plasmons), the distance dependence of the two-plasmon differential emission rate is simply exp(-4h 0 kz 0 ) (i.e., no y dependence, in contrast to that of Eq. 8). The results summarized in Fig. 4 , A to D, establish that twoplasmon spontaneous emission is very fast in the vicinity of 2D plasmon-supporting materials. Indeed, it should already be experimentally achievable to observe lifetimes for two-plasmon processes on the order of 1 ns, which is of similar order of magnitude to that of fast dipole transitions in free space. We note that the effect of losses is considered in our study (29) . In brief, for this particular transition, second-order quenching effects are only of extreme relevance at very short atom-surface separations of below 1 nm (see Fig. 4, E and F, and fig. S4 to see how the results in Fig. 4 , A to D, are modified by losses). However, our consideration of losses opens up the possibility of observing and potentially using a new decay mechanism for emitters near a surface: nonradiative decay through two (entangled) lossy excitations (i.e., double quenching).
Next, we show that it is even possible to exceed the efficiencies for two-plasmon emission suggested by Fig. 4D , allowing for the possibility of efficient sources of entangled plasmons. It is known both theoretically (27) and experimentally (20) that graphene features a spectral region (roughly) between E F and 2E F in which the Purcell factor drops by several orders of magnitude. We call this region the "dip region." Consider a hydrogenic electron in the 4s state. The 4s can decay into the 2p and 3p states by first-order emission. It can also potentially decay into 3s via two-plasmon spontaneous emission. All other processes are negligible. Suppose that the energy difference between 4s and 3s (0.66 eV) lies within the spectral dip region. Further suppose that highly confined plasmons exist at 0.33 eV. Then, the relative enhancement between second order and first order emission processes will be much higher than suggested by Fig. 4D , which assumed no such dip. In Fig. 4E , we show the Purcell factor for first-order (dipolar) emission for a z-polarized dipole at atom-surface separation of 10 nm for graphene Fermi energies of 0.35, 0.43, and 0.55 eV. Our calculations take the spatial nonlocality of graphene's permittivity into account via the RPA, as is done in (15, 27) . In Fig. 4F , we show the spectrum of plasmon emission (which is integrated to get the overall transition rates) and quantum efficiencies for two-plasmon spontaneous emission at these different atom-surface separations (49). The quantum efficiency here is well approximated by QE ¼ Gð4s → 3sÞ Gð4s → 3sÞ þ Gð4s → 3pÞ þ Gð4s → 2pÞ (9) We find that the quantum efficiency of twoplasmon emission is an extremely strong function of Fermi energy, jumping by an order of magnitude as E F is varied from 0.35 eV to 0.43 eV and as E F is varied from 0.43 eV to 0.55 eV. At E F = 0.43 eV, the quantum efficiency of two-plasmon emission is 5%, which is not only quite high for a second-order process, but is also far larger than what is suggested by Fig. 4D , and it is enabled as a result of the spectral dip in graphene. Therefore, using low-loss plasmons such as those observed recently in graphene (21) and the results presented here, one may be able to generate and couple out entangled plasmons at a fast rate and at a relatively high efficiency. These findings suggest very clearly that it should be possible to use systems with high Purcell factors over a narrow spectral region to enhance the relative efficiency of multipolar and spin-flip transitions as well (although not in the highly degenerate hydrogen atom). Other systems with high Purcell factors over a narrow spectral region through which our findings may be realized include nanometer-scale plasmonic resonators with high quality factors and few-nanometer-thick metallic thin films.
Summary and outlook
We have shown that 2D plasmonics, with its unprecedented level of confinement, presents a unique opportunity to access radiative transitions in atomic-scale emitters that were considered inaccessible. Multiplasmon processes, spin-flip radiation, and very high-order multipolar processes have been shown to be competitive with the fastest atomic transitions in free space, rendering them all accessible. These findings (Table 1) pave the way to observing and taking advantage of new light-matter interactions. In particular, our findings may force the reconsideration of many atomic, molecular, and solidstate emitters whose transitions are normally too weak and inefficient to be used, thus bringing the full variety of the periodic table to optical applications. The physics responsible for the effects reported here may also be present in optical antennas whose dimensions are on the order of 1 nm (50). However, even if they are, an advantage of planar 2D plasmonics for accessing forbidden transitions is that the effect does not depend on the position of the emitter in the plane parallel to the 2D conductor. In cavitybased emission enhancement platforms, especially those in which fields are confined in a few-nanometer gap, the (atomic-scale) emitter must be positioned very precisely in order to observe the enhancement.
In many cases, we found that quenching was a weak correction to the decay of the emitters and that the primary decay was into propagating (albeit lossy) plasmons, which could be coupled out into far-field photons. Thus, the presence of forbidden transitions can be translated into farfield photons at frequencies not in the conventional emission spectrum of the emitter. Thus, one could experimentally observe forbidden transitions (and infer their rates) indirectly through these unconventional far-field photons. Note that even if the plasmons could not be outcoupled-for example, because of debilitatingly high lossesthere will often be clear experimental signatures of these transitions. In particular, because some of the transitions will primarily occur via emission of a far-field photon, the presence of forbidden decay pathways will modify the far-field spectrum of an emitter, and a quantitative knowledge of the modified far-field emission spectrum of the emitter will allow one to infer the presence of forbidden transitions and the type of forbidden transition taking place. In fig. S5 , we show Table 1 . A summary of derived scalings of rates and rate enhancements for emitters on top of lossless 2D plasmons at zero displacement from the plasmon-supporting surface. The rates for an emitter at finite distance from the plasmon are suppressed by factors of exp(-2h 0 kz 0 ), which is of order unity for an emitter within a reduced plasmon wavelength of the surface. Note that these scalings are still a good approximation even in the presence of high losses, provided that the confinement is large (Fig. 2) . 2PSE, two-plasmon spontaneous emission. an energy-level diagram in an emitter conducive to observing forbidden transitions, even without outcoupling.
With regard to applications of this work to fundamental light-matter interactions, we believe that a number of fruitful extensions are within reach. Beyond the processes that we considered in this work, one can consider combinations of these processes, such as (i) multiplasmon transitions mediated by higher-order multipole virtual transitions, such as a two-plasmon emission with a total angular momentum change of 4 for the electron by way of intermediate quadrupole virtual transitions; (ii) third-and higher-order plasmon emission and absorption processes; or (iii) a second-order absorption process in which a plasmon and a far-field photon are absorbed, leading to large changes in energy and angular momentum of the electron due to the photon and plasmon, respectively.
All of these transitions should be enhanced using 2D plasmonics, but beyond the reach of conventional plasmonics and photonics without extremely high intensities of light. We stress that the results we have presented are not optimized. We performed our work with hydrogen purely as a proof-of-concept. For example, by finding an atom with a high octupole moment, it should be possible to make the octupole transition dominant over the dipole and other multipolar transitions, thereby paving the way for emitters with characteristic multipolarity different from dipolar. It should similarly be possible to optimize the rate of multiplasmon spontaneous emission relative to other transitions, leading to emitters highly capable of emitting entangled light.
Potential applications of this work include spectroscopy for inferring electronic transitions that cannot be determined with photons, sensors based on forbidden transitions, organic light sources arising from fast singlet-triplet transitions, fast entangled light generation, and fast generation of broadband light with tunable width in the nearand mid-infrared. Many of these applications could also be realized with the highly dissipative visiblefrequency excitations in 2D conductors.
nonradiative decay is much faster than one would naively expect. This is because the nonradiative decay still couples to the multipole moment relevant to the atomic transition. Therefore, the strong enhancement of rates coming from matching the atomic size to the wavelength of light compensates for the suppression of rates coming from a higher kz 0 . In fact, the total rate-even when nonradiative energy transfer is dominant-increases as the wavelength shrinks. From this, we conclude that for both radiative and nonradiative decay, the high confinement of 2D plasmons helps to overcome the small size of the atom. 48. C. Cohen-Tannoudji, J. Dupont-Roc, G. Grynberg, P. Thickstun, Atom-Photon Interactions: Basic Processes and Applications (Wiley, 1992). 49. We note that in principle the spectra increase for low frequencies because of quenching, but in the cases presented, it only provides a weak logarithmic correction to the decay rates (one to two orders of magnitude below the computed decay rates in Fig. 4F ). This logarithmic correction is regulated by the energy difference between 4s and 4p levels (due to the Lamb shift). In other atoms, it is regulated by a much larger frequency (due to the lack of degeneracy between s and p orbitals), making the correction even weaker than in hydrogen (29) . 50. A. Alù, N. Engheta, Nat. Photonics 2, 307-310 (2008).
